We report results of a study examining controls on the degradation of chars produced at 300, 400 21 and 500˚C from radiocarbon-free wood, deployed for three years in a humid tropical rainforest soil 22 in north Queensland, Australia. The chars were subjected to four treatments (i) no litter ( 
1
Loss and gain of carbon during char degradation. Determination of the exact pH experienced by the samples is not possible, but analysis of surface 133 soil and leachate water at the end of the experiment suggests the treatments without limestone 134 addition (L and NL) experienced a local pH between 5.6 and 6.5, while the limestone treatments (L-135 LM and NL-LM) experienced local pH between 6.6 and 8.0. Upon recovery, the samples were 136 returned to the laboratory, removed from the mesh bags, gently washed free of loosely adhering soil 137 particles, dried at 80˚C and weighed. 138
Laboratory analysis 139

Characterization 140
Total organic carbon abundance and isotope composition of samples were determined using a 141
Costech elemental analyzer fitted with a zero-blank auto-sampler coupled via a ConFloIV to a 142 ThermoFinnigan DeltaV PLUS using continuous-flow isotope ratio mass spectrometry (EA-CF-143 IRMS) at James Cook University's Cairns Analytical Unit. Stable isotope results are reported as per 144 mil (‰) deviations from the VPDB reference standard scale for δ 13 C values. Precision (standard 145 deviation) on internal standards was better than ±0.1‰. Repeated measurements on samples 146
showed that C concentrations were generally reproducible to ±1% (1). The mineral ash content of 147 the samples was determined by loss on ignition at 1020˚C under air, with a multiple replicate 148 measurement precision of ±0.5% (1). pH was measured on suspensions of 1g char in 20ml of 149 deionized water after shaking for 1.5 hours (Rajkovich et al., 2012) . 150
Hydrogen pyrolysis (hypy) was used to determine the stable polycyclic aromatic carbon (SPAC) 151 content of the samples, presumed to be resistant to degradation on long timescales (Bird et al., catalyst-loaded samples were placed in the hypy reactor and pressurized to 150 bar of hydrogen gas 157 with a sweep gas flow of 5 L min -1 , then heated at 300 C min -1 to 250 C, then 8C min -1 until a 158 final hold temperature of 550 C which was maintained for 2 minutes. The carbon content of the 159 sample before and after hypy was used to calculate PyC content as a fraction of total organic carbon 160 (hereafter stable polycyclic aromatic carbon; SPAC) with an error of ±5% (McBeath et al., 2015) . 161
For determination of radiocarbon activity a 2-3.5mg aliquot of each dried char sample, with no 162 pretreatment, was combusted to CO2 using the sealed-tube technique and then converted to graphite 163 using the H2/Fe method (Hua et al., 2001) . AMS 14 C measurements were carried out using the 164 STAR facility at ANSTO (Fink et al., 2004) , which is routinely capable of 0.3% (1) precision on 165 modern samples. Raw measurement results were corrected for possible contamination in processing 166 using the standard ANSTO blank correction procedure (see Bird et al., 2014 for further discussion). 167
All results are reported as percent modern carbon (pMC) and as conventional radiocarbon ages 168 following the conventions of Stuiver and Polach (1977) . 169
Solid state 13 C cross polarization (CP) NMR spectra were obtained for one aliquot of each of the 170 three initial chars, and one aliquot of each of the same chars after three years environmental 171 exposure to the NL treatment. Spectra were obtained at a frequency of 100.6 MHz using a Varian 172 Unity INOVA400 NMR spectrometer. Samples were packed in 7 mm diameter cylindrical zirconia 173 rotors with Kel-F rotor end caps and spun at the ''magic angle'' (54.7) at 6500 ± 100 Hz in a Doty 174 Scientific supersonic MAS probe. Free induction decays (FIDs) were acquired with a sweep width 175 of 50 kHz; 1216 data points were collected over an acquisition time of 160 ms. All spectra were 176 zero filled to 8192 data points and processed with a 50 Hz Lorentzian line broadening and a 0.010 s 177
Gaussian broadening. 178
Chemical shifts were externally referenced to the methyl resonance of hexamethylbenzene at 17.36 179 ppm. The spectra represent the accumulation of 4000 scans and were acquired using a 90 1 H pulse 180 9 of 5-6 s duration time, a 1 ms contact time and a 1 s recycle delay. Quantification of the different 181 The initial total mass of carbon in an aliquot prior to field deployment (TCT0), where (MT0) is the 221 total mass of the aliquot and %CT0 is the carbon content of the aliquot in percent, is given by: 222
The proportional change in aliquot mass between the mass deployed (MT0) and that remaining after 224 a environmental exposure (MT1), is given by: 225
The mass of total carbon (TCT1) after environmental exposure, is calculated from the mass of an 227 aliquot remaining at T1 and its total carbon content in percent (%CT1): 228
The mass of exogenous carbon that has been added to an aliquot as a result of environmental 230 exposure (ECT1) is determined directly from the radiocarbon activity (in percent Modern Carbon; 231 pMC) of the sample after environmental exposure (pMCT1): 232
The mass of indigenous carbon that remains in an aliquot after environmental exposure (ICT1) is 234 then obtained by difference: 235
ICT1 = TCT1 -ECT1 ---equation 4 236
The proportional loss of indigenous carbon over the period of environmental exposure can then be 237 calculated from the mass difference between total carbon in an aliquot prior to exposure and 238 indigenous carbon remaining in the same aliquot after environmental exposure: 239
The stable carbon-isotope composition of three starting chars ( 13 Ci) was determined to be -21.1‰ 241 (300 ˚C), -21.4‰ (400 ˚C) and -21.5‰ (500 ˚C) all with an analytical uncertainty of ±0.1‰. These 242

13 C values are distinct from the measured  13 C values of the two likely exogenous carbon sources 243 ( 13 Ce) that ranged from leaf litter at the site (-29.0‰) to limestone chips (>-2‰). The  13 C value 244 of each sample after environmental exposure ( 13 CT1) was obtained to test competing hypotheses 245 for exogenous carbon origin, through an isotope mass balance of the form: 246
where Fe is the proportion of carbon in a sample after environmental exposure that is exogenous, 248 and is equivalent to the radiocarbon activity in percent modern carbon divided by 100. 249
All treatments were deployed and analyzed in duplicate, but for simplicity of presentation, data are 250 presented as means plus or minus the deviation of duplicates from the mean. 251 252 13
RESULTS 253
The characteristics of the chars prior to deployment are provided in Table 1 and the full data set for  254 all samples is presented in Table S1 . 255
Initial ash content is low (<1%) and the radiocarbon ( 14 C) content is negligible for all samples 256 before deployment. Carbon content (63.7 to 76.9%) and pH (4.7-5.6) increases and Imaging of the char surfaces by scanning electron microscopy demonstrates the presence of 298 adhering mineral material and fungal hyphae to varying degrees in all samples (see Figure 5 for the 299 NL treatment), consistent with the observed increases in ash content due to adhesion of soil 300 material, and with the observed increase in radiocarbon activity. 301 Solid-state 13 C cross polarization (CP) NMR spectroscopy was used to examine the molecular 302 changes within the chars after 3 years of environmental exposure for samples from the NL 303 treatment. The NMR spectra for representative aliquots from the NL treatment are presented in 304 and an O-aryl shoulder at 150ppm. There is evidence of some residual alkyl C (broad peak at 312 30ppm) that is presumably due to the formation of relatively resistant alkyl structures produced at 313 lower temperatures. By 500˚C the spectrum is dominated by aryl-C. 314
The most apparent changes between the original chars over the 3 years were observed for the 300C 315 NL char where there was a 1.5% loss in N-alkyl and methoxyl groups and a 1.1% loss in O-Aryl 316 groups. There is also an increase of 2.5% in O-alkyl groups. The 400C NL char spectra are broadly 317 similar between the original and environmentally exposed biochar, as was also observed after one 318 year of exposure (Bird et al., 2014). The 500C NL char, despite having the greatest proportion of 319 relatively stable aromatic C, lost aryl and O-aryl groups in the amount of 4.5% and 1.1% 320 respectively, alongside an increase in O-alkyl groups of 4.5%. 321
Cumulative CO2 respired from the samples after drying and laboratory rewetting ranged from 24 to 322 76 µmol CO2 g -1 , with a median deviation from the mean of replicate aliquots of ±2 µmol CO2 g -1 . 323
The lowest amounts of CO2 were respired from the 500˚C chars and the highest by the 300˚C chars, 324 irrespective of treatment (Figure 6a) . A tendency for higher amounts of respired CO2 to be 325 associated with samples that experienced more indigenous carbon loss at each temperature was not 326 16 significant. The  13 C value of the respired CO2 ranged widely from -28.4 to -20.6‰, approximating 327 the range between the litter and char end-member isotope compositions, with a median deviation 328 from the mean of replicate aliquots of ±0.5‰. The  13 C value was closely related to temperature of 329 formation and, for the 300˚ and 400˚C chars, also correlated with indigenous carbon loss ( Figure  330 6b) and therefore with radiocarbon activity (Figure 4) . 331 The relationships between loss of indigenous carbon, respired CO2 and the  13 C value of the 357 respired CO2 further support an active role for microbes in the degradation process ( Figure 6 ). Any 358 readily labile indigenous carbon in the chars would have been lost over the three years of 359 environmental exposure. The pulse of CO2 from all samples decreased by a factor of three to four 360 over the course of the week-long incubation. This indicates a small pool of very labile carbon that 361 was rapidly respired upon rewetting of the samples in the laboratory, derived from microbial 362 biomass killed by drying at 80 ˚C at the end of the field deployment, and potentially also labile 363 environmental carbon from litter or soil. This pool of carbon is highest in the 300˚C chars and 364 lowest in the 500˚C chars, consistent with the lower temperature chars being better able to support a 365 microbial population. 366
The  13 C value of respired CO2 is ~2‰ lower than the  13 C value of the substrate being respired by 367 a microbial population (Santruckova et al., 2000) . In this experiment all sources of exogenous 368 carbon were derived from a C3 source with an average  13 C value of -29‰. Some components of 369 this exogenous carbon (e.g. cellulose) could be 1-2‰ higher in  13 C value than the bulk litter 370 The suggestion that oxygen availability is a driver of degradation rate must be considered 441 speculative, as the possibility could not be tested post hoc. However, if this were the case, then it 442 has implications for PyC degradation in the broader environment as it would suggest that 443 degradation is likely to proceed more rapidly in coarse-textured more porous soils than in finer-444 textured soils -a conclusion that does have some observational support (e.g. Sagrilo et al., 2015) . It 445 further suggests that, where water is not limiting, degradation may proceed faster on the soil surface 446 than at depth in the soil, a conclusion that also has some observational support (Zimmerman et al., 447 2012) . 448
While it is possible that the change in pH in the limestone treatments may have made the local 449 environment less amenable to microbial colonization, as the chars themselves are acidic (Table 1) , 450 the field observation of fungal hyphae beneath the limestone chips suggests that pH itself was not a 451 major determinant of degradation rate. However a further possibility is that Ca 2+ released by the 452 reaction of lime chips with the slightly acidic soil and rainfall was primarily responsible for the 453 effects seen in the LM treatments. Oades (1988) summarised the various influences on organic 454 matter retention in soils and identified that high concentrations of Ca 2+ tend to decrease organic 455 matter solubilisation and mobility. Importantly in the context of the current study, this would also 456 22 restrict the mobility of both organic matter and inorganic colloids. Decreased mobility of degraded 457 carbon is consistent with the lower apparent loss of char carbon, the lower apparent ingress of non-458 char carbon into the char particles and the lower apparent ingress of inorganic material into the char 459 particles for the LM treatments. 460
Such an interpretation is also consistent with the comparatively high  13 C values of respired CO2 461 for the limestone treatments that approached the  Table S1 : Isotope and chemical data for all samples. 'ID' is pyrolysis temperature followed by 710 the treatment applied during field deployment. 'Mass change' is increase in total mass of each 711 aliquot; 'ash' is the mineral component; 'C' is total organic carbon content; 'C change' is increase 712 or decrease (-) in the amount of indigenous carbon, after correction for the ingress of exogenous 713 carbon using radiocarbon activity;  13 C is the carbon isotope composition of total organic carbon; 714 'ANSTO ID' is the radiocarbon analysis identifier and 14 C is the measured radiocarbon activity; '7 715 day resp CO2' is the cumulative amount of CO2 respired over seven day, 'resp CO2  13 C' is the 716 carbon isotope composition of the CO2. One-year results from Bird et al. (2014 
